It is well known that penile erection is dependent on commands from the central nervous system. However, there has been little research on the central control of penile erection. The aim of this study was to evaluate, for the ®rst time, the cerebral centers of penile erection using BOLDfunctional MRI. Functional magnetic resonance imaging (fMRI) on a 1.5T MR scanner was performed in 12 sexually potent male volunteers (mean age: 23) and two hypogonadal impotent patients. In this study, blood oxygenation level dependent (BOLD) technique was utilized to create fMRI re¯ecting local brain activities. Real-time visual stimulation was performed with an alternatively combined erotic and non-erotic ®lm to identify and quantify the activated brain regions associated with sexual response. Subjective sexual arousal and penile erection responses were assessed using 5-point scales ranging from 1 (no change) to 5 (maximal increase). In normal volunteers, the mean scores on subjective sexual arousal and penile erection by sexual stimulation with erotic ®lm were 3.0 and 3.3 respectively, whereas there were no changes by non-erotic stimulation. During the visual stimulation the occipital cortex was activated by either an erotic or non-erotic ®lm, the erotic ®lm gave 150 ± 200% stronger activation. However, more than seven of the 12 healthy subjects were signi®cantly activated in the areas of inferior frontal lobe, cingulate gyrus, insula gyrus, corpus callosum, thalamus, caudate nucleus, globus pallidus, and inferior temporal lobe by erotic stimulation. In the hypogonadal patients, brain activation in response to the erotic ®lm decreased compared to normal volunteers, however, it was restored by testosterone supplementation. These results are the ®rst demonstration to show the functional neuroanatomy of the brain associated with sexual arousal by visual sexual stimulation using BOLD-based fMRI. Further studies are needed to verify that fMRI provides an important new tool in evaluating the cerebral center of the penile erection.
Introduction
Penile erection is a complex series of psycho-neurovascular events. 1 Recent innovative studies have resulted in great advances of penile physiology and pathophysiology, which have especially focused on the vascular system. However, the neural regulation of penile erection has so far not been well elucidated. Penile erection is primarily initiated by re¯exogenic or psychogenic stimuli, and controlled by the spinal or supraspinal nervous system. 2, 3 Current investigations have focused on the peripheral control of penile erection rather than the central nervous system. The role of the central nervous system on penile erection has been ignored as a potential site of erectile pathology and a therapeutic target. 4 Furthermore, our knowledge of the central control of erection is mainly based on animal models. Most studies of animal research have revealed that hypothalamic and limbic pathways play a key role in the central control of penile erection. 4, 5 Especially, the medial preoptic area (MPOA) and adjacent regions of hypothalamus are considered to be crucial to the control of sexual behavior. 6, 7 Neurons in the midbrain, hypothalamus and amygdala contain receptors for gonadal hormones and these are the provable sites by which hormones regulate sexual behavior and motivation. 5 However, the limitation of animal study to elucidate the central control of penile erection is that human sexuality is unique and different from other species. For example, sexual imagination and cognitive aspects of sexuality are considered essential in human sexuality compared to animals. There have been few clinical studies to investigate the brain regions which are related to control penile erection because of the technical limitation and invasiveness. 4 Recently, there have been great advances in technology to elucidate the functional neuroanatomy such as positron emission tomography (PET), 8, 9 single photon emission computed tomography 10 and functional magnetic resonance imaging (fMRI). 11 Stoleru et al, 9 reported preliminary results to identify brain areas activated in healthy males with visual sexual stimulation using PET. However, there is no clinical report to use fMRI in evaluating functional neuroanatomy of penile erection and identifying the brain region associated with gonadal hormone. Recent advances in the ®eld of fMRI provide a noninvasive mechanism for correlating brain function with anatomy. 12 That is, mental task activation leads to a regional alterations in cerebral hemodynamics, giving high signal intensities corresponding to the brain cortices.
The aim of this study was to evaluate, for the ®rst time, the cerebral centers of penile erection using blood oxygenation level dependent (BOLD)-fMRI technique. Speci®cally, our goal was to determine the brain region of activation elicited by visual sexual stimulation. Furthermore, we investigated the role of testosterone on the central control of penile erection. By doing these, we hoped to gain preliminary insight whether fMRI has the capacity to speci®cally evaluate cerebral centers associated with penile erection.
Materials and methods

Subjects
Twelve sexually potent male volunteers and two hypogonadal impotent patients participated in this study. Male volunteers were recruited from among the medical students of Chonnam National University in Kwangju, Korea. The volunteers were all right-handed individuals whose mean age was 23 y ranging from 21 to 25 y. Each subject was interviewed prior to the study, and none of them had any evidence of erectile dysfunction. After complete description of the study to the subjects, written informed consent was obtained. In addition, two impotent patients with congenital hypogonadism participated in this study. Patient BYS was a 29-yold man whose serum total testosterone level was 0.43 ngaml (normal range; 2.4 ± 18.3 ngaml), which increased to 4.1 ngaml after testosterone supplementation for 3 months. Patient YCH was a 31-y-old man whose serum total testosterone level increased from 1.4 ngaml to 2.1 ngaml with testosterone supplementation for 3 months.
Activation stimuli and MRI image acquisition
In this study the blood oxygenation level dependent (BOLD) technique 13 was utilized to create fMRI re¯ecting local brain activities. Subjects were examined on a 1.5 Tesla Signa Horizon MR scanner (GE Medical Systems, Milwaukee, WI) with a birdcage head coil. The BOLD contrast fMRI data were obtained from seven oblique planes using gradient-echo EPI with 50 ms TE, 6000 ms TR, 26 cmÂ26 cm ®eld-of-view, 128Â128 matrix, and 10 mm slice thickness.
Two sets of activation stimuli were used for this study. In the sexual arousal condition, subjects viewed an erotic video ®lm. In the neutral condition, subjects viewed a documentary video ®lm. The video ®lm was presented to the subjects through a mirror located at the top of the head coil which receives video-images from the outside of the magnetic room. Real-time visual stimulation was performed with an alternatively combined erotic and non-erotic ®lm to identify the activated brain regions associated with sexual responses. The sexual stimulation paradigm consisted of two alternating periods of rest and activation; and it began with a 1 min rest with a documentary video ®lm, followed by a 2 min stimulation by an erotic video ®lm. Brain activation maps were generated by crosscorrelation of images acquired during rest and activation periods using a software developed by Cho et al. 14 The activated pixels were calculated on the basis of the correlation coef®cient; 0.4 threshold for this study, and were subsequently overlaid on a matching T1 or T2-weighted anatomical image. The intensity of activation was graded by number of pixels (grade 0: no activation, grade 1: 1 ± 10 pixels, grade 2: 10 ± 30 pixels, grade 3: b30 pixels). The index of activation was used to compare the number of pixels activated by each task in each volunteer, where the signi®cance of the differences between on-and off-phase was evaluated by using the Student's t-test (P`0.05). In addition, perceived sexual arousal and penile erection responses were assessed using 5-point scales; 1 (no change), 2 (minimal increase), 3 (moderate increase), 4 (large increase), 5 (maximal increase).
Results
Functional MRI was generally well tolerated by all subjects. All subjects were able to complete the entire study without any dif®culties.
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Subjective effects of visual sexual stimulation
During the visual sexual stimulation with erotic ®lm, all normal volunteers presented`perceived sexual arousal' from a score of 2 ± 4 (3.0 AE 0.4 mean AE s.d.) and`penile erection' from a score of 2 ± 4 (3.3 AE 0.8 mean AE s.d.), whereas none showed perceived sexual arousal' or`penile erection' with non-erotic ®lms (Table 1) . In hypogonadal patients, pretreatment sexual arousal score in BYS and YCH was 2 by visual sexual stimulation, whereas it increased to 4 and 3, respectively, after testosterone supplementation. The grade of penile erection also increased by testosterone supplementation starting from 1 to 4 in BYS, 1 to 2 in YCH, respectively.
Brain activation in normal volunteers
A time-course plot of signal intensity ( Figure 1c ) that obtained from the region of interest in inferior frontal lobe shown in Figure 1b demonstrated the periodicity of activation task based on a box-car waveform ( Figure 1a ). This implied that the sexual stimulation by erotic ®lm was enough to activate the brain regions of interest. During the visual stimulation occipital cortex was activated by both erotic and non-erotic ®lm, but erotic ®lm provided 150 ± 200% higher intensity with respect to local activation. More than 7 of the 12 subjects were signi®cantly activated at least one hemisphere in the areas of inferior frontal lobe, cingulate gyrus, insula gyrus, corpus callosum, thalamus, caudate nucleus, globus pallidus, and inferior temporal lobe by erotic stimulation compared to non-erotic stimulation ( Figure 2 and Table 2 ). With the erotic visual stimulation, inferior temporal lobe was activated symmetrically in both hemispheres of all subjects. Thalamus was activated bilaterally in 10 of the 12 subjects. The basal ganglia, such as caudate nucleus and globus pallidus, were weakly activated compared to other areas. Paralimbic areas such as inferior frontal lobe, insula, and corpus callosum were activated in at least nine out of the 12 subjects. Utilizing the BOLD technique K Park et al Figure 2 Slice-based sequential functional MR images that were obtained using 0.4-correlation coef®cient threshold against the reference, demonstrating regional brain activity of a healthy volunteer during sexual visual stimulation with non-erotic (a ± c) and erotic (d ± f ) video ®lms.
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The cingulate gyrus was activated in 11 out of 12 subjects, where eight subjects showed anterior activation and eight subjects were activated in the posterior part. The intensity of activation was highest in the inferior temporal lobe and was lowest in the basal ganglia (Table 2 ).
Brain activation before and after testosterone supplementation in hypogonadal patients
Before testosterone supplemetation, BHS presented a very weak response with visual sexual stimulation. Only inferior temporal and thalamic areas were activated with visual sexual stimulation compared to the documentary ®lm ( Figure 3 , Table 3 ). However, there were signi®cant increases in brain activities after testosterone supplementation. Inferior frontal, cingulate gyrus, insula, corpus callosum, thalamus, globus pallidus, inferior temporal areas were signi®cantly activated with visual sexual stimulation, which was almost similar to the normal volunteers ( Table 2 ). In the case of YCH, brain activation prior to testosterone supplement was somewhat better than that of BHS. In this case, there were slight increases in brain activity with visual sexual stimulation after testosterone supplementation (Table 3) .
Discussion
The functional anatomy of human sexual responses has been poorly understood. The new functional imaging techniques have been tried to study the neurophysiology of sexual function. 9 ± 11 Functional brain imaging techniques bridge the gap between neural systems and behavioral neurosciences. 15 Among these techniques fMRI is a noninvasive technique, thus it is not limited in the number of scans because there is no exposure to radiation. Functional MRI is capable of detecting areas of metabolic change within the brain resulting from neuronal activity which is visualized indirectly by Utilizing the BOLD technique K Park et al Figure 3 Effect of testosterone supplementation on the brain activity in a hypogonadal patient: before (a ± c) and after (d ± f ) hormone therapy.
Utilizing the BOLD technique K Park et al detecting changes in signal related to regional cerebral blood¯ow and local deoxyhemoglobin concentrations in activated cortex. 16 In addition, the safety of the technique facilitates the recruitment of research subjects. 12 However, the limitation of fMRI is that it measures relative neural activity, whereas PET can provide either absolute or relative measures. 15 In this study, we have shown, for the ®rst time, the functional neuroanatomy of the brain associated with sexual arousal to visual sexual stimulation using fMRI. The inferior frontal cortex, insula gyrus, cingulate gyrus, caudate nucleus, corpus callosum, globus palludus, inferior temporal cortex and thalamus were activated by viewing an erotic ®lm. These results were similar to the ®ndings of Stoleru et al 9 who had shown the neuroanatomical correlates of visually evoked sexual arousal in human males using PET. They suggested that visually evoked sexual arousal was characterized by a threefold pattern of activation: the bilateral activation of the inferior temporal cortex, a visual association area; the activation of the right insula and right inferior frontal cortex, an emotionamotivational component; and the activation of the left anterior cingulate cortex, an endocrine and autonomic component. 9 The mechanism of the central neural control in penile erection has been elucidated in experimental models. Several neuroanatomical approaches were introduced such as the c-fos labeling method, 17 and transneuronal tracing studies using pseudorabies virus. 18 The distribution of c-fos immunoreactivity in the brain following sexual behavior was induced in the medial preoptic nucleus, posteromedial part of the bed nucleus of the stria terminalis, posterodorsal part of the medial amygdala, and the paraventricular part of the subparafascicular thalamic nucleus. 19 Transneuronal tracing studies have demonstrated that consistently labelled neurons in the forebrain, included the paraventricular nucleus of the hypothalamus (PVN), MPOA, lateral hypothalamic area and the ventral tegmental region. 20 Chen et al 21 reported that electrical stimulation of the PVN resulted in a penile erection, and suggested that the PVN may be an important forebrain nucleus of penile erection.
In this study sexual activation areas can be divided into two groups; limbic or paralimbic areas, and temporal association areas or others. This study showed that thalamus and some parts of basal ganglia were activated at the limbic area. Limbic system mainly consisted of the hypothalamus, the epithalamus, the anterior nucleus of the thalamus, portions of the basal ganglia, the hippocampus, amygdala, septum, and the paraolfactory area. 22 The reason why other important limbic areas such as hippocampus or amygdala were not activated in this study is not clear. Steleru et al 9 did not show any area of limbic system with PET. However, most studies of animal research have revealed that hypothalamic and limbic pathways play a key role in the central control of penile erection. The MPOA of the hypothalamus is believed to have a crucial role in the regulation of male sexual behavior, including sexual motivation and performance. 23 The MPOA is extensively interconnected with the limbic system and brainstem, 24 and it contains a high density of neurons which concentrate gonadal androgens. 25 Bilateral lesions of either the medial preoptic areaaanterior hypothalamus (MPAH) or a subthalamic region eliminate copulation in male rats. These ®ndings suggested that preoptic and subthalamic connections with the caudal brainstem are important for copulation in the male rat. 26 Surrounding the subcortical limbic area is the paralimbic area which is composed of a ring of cerebral cortex, such as the inferior frontal lobe, corpus callosum, cingulate gyrus, parahippocampal gyrus and uncus. 22 In this study several paralimbic areas were activated with sexual stimulation, such as inferior frontal lobe, cingulate gyrus, insula gyrus and corpus callosum. Sterleru et al 9 reported similar ®ndings that right insula, right inferior frontal cortex, and the left anterior cingulate cortex were activated. However, there was no signi®cant unilaterality of activation in our study, which was different from the results of Sterleru et al. 9 It needs to be elucidated with further investigation. The anterior cingulate gyrus is part of a rostral limbic system, and it appears to play a crucial role in the initiation, motivation, and goal-directed behaviors. In contrast to the anterior cingulate cortex, the posterior region is involved in visuospatial and memory functions. 27 In the categories of temporal association or others, inferior temporal lobe and occipital lobe were activated. We assume that these areas were not speci®c to the erotic stimulation, because they were also activated in the documentary ®lm. These regions of visual association cortex are involved in the perception of visual stimulation. Various areas of the cerebral cortex are functionally related to the thalamic nuclei. The occipital and temporal lobes have extensive connections with the pulvinar nucleus of the thalamus and are involved in the processing of visual and auditory information. 28 In this study, we have shown, for the ®rst time, the effect of androgen on the brain activities which are related to sexual arousal response. Androgens in¯uence the growth and development of the male reproductive tract as well as secondary characteristics. They affect libido and sexual behavior, and contribute to the cause of erectile dysfunction. 29 In the animal study, androgen receptor-immunoreactive regions included the MPOA, the dorsal and ventral periaqueductal gray, and a midbrain region that included the lateral part of the central tegmental ®eld, part of the caudal zona incerta, the subparafascicular nucleus of the thalamus and the peripeduncular nucleus. 30 Neurons in the midbrain, Utilizing the BOLD technique K Park et al hypothalamus and amygdala contain receptors for gonadal hormones and these are the provable sites by which hormones regulate sexual behavior and motivation. 5 Although our results are a preliminary study, androgen seems to be necessary to restore sexual function in the brain of the hypogonadal impotent patient. In our study the extent and intensity of brain activation was related to the level of serum testosterone. Steleru et al 9 also reported in the PET study that activation of some brain areas was positively correlated with plasma testosterone level. In hypogonadal patients, decreased brain activities were restored with testosterone supplementation. It implies that androgen has a crucial role in maintaining sexual function.
Nowadays, the functional imaging study of the brain elucidates the mechanism of the functional anatomy of human emotional responses such as orgasm 31 or micturation. 32 In this study, we have shown, for the ®rst time, the functional neuroanatomy of the brain associated with sexual arousal to visual sexual stimulation using fMRI. Furthermore, we have also shown the preliminary results that androgens may have a crucial role regulating sexual behavior and motivation. However, further intensive studies are needed to use functional MRI as a diagnostic tool in evaluating the cerebral center of penile erection.
Conclusions
In this study, we have shown, for the ®rst time, the functional neuroanatomy of the brain associated with sexual arousal by visual sexual stimulation using BOLD-based fMRI. Also, we validate the clinical usefulness of fMRI from our preliminary result which showed that hypogonadal patients with low brain activities were recovered by testosterone supplementation. However, further correlative studies with other techniques are needed to verify that fMRI provides an important new tool for evaluating the cerebral center of the penile erection.
